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Description 

BACKGROUND OF THE INVENTION 

The invention relates to switches for electrical sig- 
nals, and, more particularly, to switches and systems for 
high frequency signals with micromechanical switch el- 
ements. 

Typical rf switches are p-l-n diodes, but p-i-n diodes 
have problems including power consumption (the diode 
must be forward biased to provide carriers for the low 
impedance state), high cost, and nonlinearlty. 

Peterson, Dynamic Micromechanics on Silicon: 
Techniques and Devices, 25 IEEE Tr.EI.Dev. 1241 
(1978), includes silicon micromechanical metal-coated 
cantilevers which act as metal-to-metal switches. Fig- 
ures 1a-b illustrate in plan and cross sectional elevation 
views of such switches with silicon dioxide ("oxide") can- 
tilever 102 extending out over 7 Tm-deep opening 104 
etched In silicon substrate 106. Metal electrodes 
1 08-1 09 extend onto cantilever 1 02, and metal conduc- 
tor 110 extends onto and up and out over the end of 
cantilever 102. Metal contact 120 on oxide 112 lies in 
the same plane as canitlever 1 02 and extends out under 
the end of conductor 110. The switch operates as fol- 
lows. With no voltage applied between electrodes 
108-109 and silicon substrate 106, cantilever 102 re- 
mains parallel to the surface of silicon substrate 1 06 and 
the switch is open. However, about 60 volts applied be- 
tween the electrodes and the substrate pulls cantilever 
102 towards substrate 106 until the end of conductor 
110 makes contact with metal 120. This closes the 
switch. Release of the pull down voltage then opens the 
switch. 

Micromechanical spatial light modulators with met- 
allized polymer membranes appear in Hornbeck. U.S. 
Patent No. 4,441 ,791 . Figure 2a shows a cross section- 
al elevation view through two pixels of an array of such 
pixels, and Figure 2b shows the equivalent circuit. Volt- 
age applied between the metal film 30-31 on the under- 
side of polymer membrane 35 and the underlying elec- 
trode 21 pulls the membrane part way down to the elec- 
trode and thereby disrupts the flat surface of reflecting 
metal film 26 on the polymer membrane and thereby 
modulates reflected light. Applying too large a voltage 
collapses the polymer membrane down to the electrode 
and destroys the pixel. Selectively applying voltages to 
pixels in the array permits spatial light modulation. 

Spatial light modulators with pixels made of metal 
torsion beams with landing pads appears in Hornbeck, 
U.S. Patent No. 5,061,049. Figures 3a-d show such a 
pixel in perspective, cross sectional and plan views with 
metal beam 30 suspended by thin metal torsion hinges 
34 and 36 over underlying electrodes 42 and 46 plus 
landing pads 40-41 . With no voltage applied between 
electrodes 42, 46 and beam 30, the beam remains par- 
allel to the metal surface 26, 28 as in Figure 3b. A volt- 
age applied between electrode 42 and beam 30 pulls 



on the beam and the beam twists counterclockwise (in 
Figure 3d) on hinges 34. 36 and one beam edge moves 
down toward the electrode while the other beam edge 
rises as illustrated. Beam 30 stops when it contacts 

5 landing pad 40, which is at the same voltage as the 
beam (typically, ground). With beam 30 in this tilted po- 
sition, light reflects at a different angle from the beam 
than light reflecting from the surface 28. Removal of the 
applied voltage allows hinges 34, 36 to relax and return 

10 beam 30 to the position parallel to the surface 28. Thus 
an array of such pixels can act as a spatial light modu- 
lator. 

Further, applying a voltage between electrode 46 
and beam 30 (and no voltage between electrode 42 and 
is beam 30) will analogously twist beam 30 in the clock- 
wise direction until it makes contact with landing pad 41 . 
This provides a second angle of reflection for incident 
light. 

20 SUMMARY OF THE INVENTION 

The present invention provides micromechanical 
microwave switches and arrays of switches with mem- 
branes and flaps supported on at least two sides. 
25 The invention has advantages including switches 
with no power consumption, low cost, and linearity; and 
also compatibility with both silicon and gallium arsenide 
integrated circuits. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

The drawings are schematic for clarity. 
Figures la-b show a known micromechanfcal 
switch. 

35 Figures 2a-b illustrate a known polymer spatial light 
modulator pixel. 

Figure 3a-d are perspective, cross sectional, and 
plan views of metal torsion beam spatical light modula- 
tor pixel. 

^0 Figures 4a-e are plan and cross sectional elevation 
views of a top side metal membrane preferred embodi- 
ment switch. 

Figure 5 shows a preferred embodiment single 
pole, double throw switch. 
45 Figure 6 illustrates a preferred embodiment merged 
pair of SPOT switches. 

Figures 7a-c are plan views of variations of the 
switch of Figures 4a-e. 

Figures Ba-c are plan and cross sectional elevation 
so views of a dielectric membrane preferred embodiment 
switch. 

Figures 9a-b are cross sectional elevation views of 
dielectric membrane with underside metal preferred em- 
bodiment switch. 
55 Figure 10 is a cross sectional elevation view of a 
dielectric coated version of the preferred embodiment 
switch of Figures 9a-b. 

Figures 1 1 a-c are plan and cross sectional elevation 



2 



1 



3 

views of a two-material membrane preferred embodi- 
ment switch. 

Figures 12a-d are plan and cross sectional eleva- 
tion views of a metal membrane preferred embodiment 
switch. 

Figures 13a-b are cross sectional elevation views 
of a dielectric-coated microstrip preferred embodiment 
switch. 

Figures 14a-d are plan and cross sectional eleva- 
tion views of component membrane preferred embodi- 
ment switch. 

Figures 15a-d are variations of the embodiment of 
Figures 14a-d. 

Figure 16 is a cross sectional elevation view of two- 
material membrane preferred embodiment. 

Figure 17 is a cross sectional elevation view of an- 
other two-material membrane preferred embodiment. 

Figures 18a-e are plan and cross sectional elevatin 
views of a torsion hinged preferred embodiment. 

Figures 19a-b show a dielectric coated microstrip 
version of the embodiment of Figures 1 8a-e. 

Figures 20a-c are plan and cross sectional elevatin 
views of flexure hinged preferred embodiment. 

Figures 21 shows a dielectric coated microstrip ver- 
sion of the embodiment of Figures 20a-c. 

Figure 22 is a cross sectinoal elevation view of a 
pull up preferred embodiment switch. 

Figures 23a-b are plan and cross sectional elevatin 
views of a bistable membrane preferred embodiment 
switch. 

Figure 24 is a cross sectinoal elevation view of a 
top contact version of the switch of Figures 23a-b. 

Figures 25a-c shows a torsion hinged SPDT and 
variation. 

Figure 26 shows a membrane SPDT. 

Figures 27a-b illustrate a membrane SP3T. 

Figures 2Ba-b show a six output switch and appli- 
cation to a filter. 

Figures 29a-h show shunt switches. 

Figures 30a-f illustrate fabrication steps. 

Figure 31 shows a swithced line phase shifter. 

Figures 32a-b show quadrature hybrid-coupled 
time delay phase shifters 

Figure 33 shows a periodically loaded-line phase 
shifter. 

Figures 34a-c illustrate aperture fill time compen- 
sating newtworks. 

Figure 35 shows digital phase scanning. 

Figures 36a-b illustrate Butler matrix beam selec- 
tion. 

Figure 37 is a 5-beam Biass matrix beam selection. 

Figure 38 shows a 30-beam Rotman lens feeding a 
30 element linear array. 

Figure 39 illustrates circular symmetric array beam 
selection. 

Figure 40 shows a transmit/receive module 
Figure 41 shows filter selectivity tuning. 
Figure 42 shows channelizer switching. 
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Figure 43 illustrates electronic device impedance 
match tuning. 

Figures 44-45 show dipole and circular patch an- 
tenna frequency selectivity tuning. 

5 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

OVERVIEW OF PREFERRED EMBODIMENTS 

10 

The preferred embodiment systems use single 
ones or arrays of preferred embodiment switches for 
functions such as beam steering in a phased array ra- 
dar. And the preferred embodiment switches all switch 

IS a high frequency electrical signal by deflecting a mova- 
ble element (conductor or dielectric) into or out of a sig- 
nal path to open or close either capacitive or ohmic con- 
nections. Figures 4a-29 illustrate preferred embodiment 
switches, and Figures 31-45 show preferred embodi- 

20 ment systems incorporating preferred embodiment 
switches. 

For example, Figures 4a-e illustrate first preferred 
embodiment switch, generally dennoted by reference 
numeral 400, in plan view and cross sectional elevation 

2S views for both open and closed states. Switch 400 in- 
cludes substrate 401 (which may be a silicon dioxide 
film a few Tm thick on a silicon die) with transmission 
line microstrip segments 402-403 and control elec- 
trodes 405-406 on the substrate surface and within an 

30 opening In insulating spacer layer 41 0 on the substrate 
surface. Dielectric membrane 412 lies on spacer 410 
and spans the opening. Metal plate 414 and metal film 
41 5 attached to the upper surface of membrane 41 2 pro- 
vide the signal conducting and mechanical deflection for 

35 the switching action, respectively. Indeed, metal film 41 5 
and electrodes 405-406 form an air gap capacitor which 
deflects membrane 412 when charged, as follows. First, 
with metal film 415 grounded and electrodes 405-406 
also grounded, dielectric membrane 41 2 Is relatively flat 

40 as shown in cross setional elevation views Figures 4b- 
c. In this situation, the gap between microstrip segments 
402-403 imposes a large impedance In the transmissbn 
line and the switch is open. Conversely, a positive volt- 
age applied between electrodes 405-406 and grounded 

^5 metal film 41 5 induces positive electric charges on elec- 
trodes 405-406 and negative charges on metal film 41 5, 
and these charges generate an attractive force which 
pulls metal film 415 (and membrane 412) down to elec- 
trodes 405-406 as illustrated in Figures 4d-e. Dielectric 

50 membrane 412 prevents metal film 415 from touching 
electrodes 405-406, so only leakage current flows dur- 
ing this activatk>n of electrodes 405-406. Also as illus- 
trated in Figures 4d-e, the pulling down of metal film 41 5 
plus membrane 412 moves metal plate 414 down to 

55 bridge microstrip segments 402-403 and provide capac- 
itive coupling of the segments. Hence, the high imped- 
ance in the transmission line has been replaced with a 
low impedance, and the switch is closed. Switch 400 
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pulls down or restores up in roughly a microsecond; the 
timing is a tradeoff with pull down voltage: higher elec- 
trode voltage implies faster pull down, and stiffer mem- 
branes imply faster restoring but require higher voltage 
for pull down. 

Switch 400 is a single pole-single throw (SPST) 
switch. However, switch applications, such as the trans- 
mit/receive module schematically illustrated in Figure 
40, frequently require a single pole-double throw (SP- 
OT) switch. Integrating two switches 400 in parallel as 
shown in plan view in Figure 5 provides the double throw 
in a compact structure; a single metal film and mem- 
brane spanning both openings in the spacer can be 
used. 

The preferred embodiment switches include both 
ohmic and capacitive connections, electrostatic and 
thermal activation, conducting and dielectric deformable 
membranes, electrical and mechanical restoring forces, 
and localized and support element current carrying. The 
materials used for switch fabrication may also be used 
for fabrication of various transmission line configura- 
tions, including microstrip, stripline, coplanar 
waveguide, and coplanar stripline. 

The preferred embodiment systems include both 
single switches as in the transmit/receive module of Fig- 
ure 40 and arrays of switches as in the time steered sub- 
arrays of a phase steered aperture 3400 illustrated in 
Figures 34a-c. Phase steered aperture 3400 consists of 
a 5 by 5 array of submodules with each submodule (Fig- 
ure 34b) a 4 by 4 array of antenna elements plus a power 
amplifier for transmit and a low noise amplifier for re- 
ceive plus a 4-bit phase shifter for each antenna ele- 
ment. Each submodule connects to a variable time de- 
lay network (labelled \, 2\, ... N\in Figure 34a for the de- 
lays produced) which is a 5-bit switched line time delay 
as shown in Figure 34c with SPOT switches and binary- 
weighted-length delay lines. Thus the total resolution of 
phase steered aperture 3400 is 9 bits. 

In Figure 34c the total path length can be varied by 
in increments of D/32 up to a total increase of 31/32 D. 
Each bit of the 5-bit switched line time delay contains a 
pair of SPDTs that select either of two possible path 
lengths with path length differentials being 0/2^ for the 
kth bit. Figure 34c shows selection of Increases of D/32, 
D/8, and D/4 for a total increase of 13/32 D. Each pair 
of SPDTs could be replaced by a compact layout which 
uses only three coupling metal plates 601 -603 and elec- 
trode pairs 61 1 -61 3 on a single U-shaped membrane as 
illustrated in Figure 6. Activating electrodes 611 only 
pulls down metal plate 601 to couple the IN microstrip 
directly to the OUT microstrip; whereas activating elec- 
trodes 61 2-61 3 and deactivating electrodes 611 discon- 
nects the direct coupling and couples in the delay loop. 

The preferred embodiment systems include phase 
shifters, time delay networks, beam selectors, tras- 
mit/reeive duplexing, and frequency selectors. 

The following sections provide details as to these 
switches and systems plus variations of them. 



PREFERRED EMBODIMENT SWITCHES WITH 
LOCALIZED MEMBRANE 

1. TOPSIDE METAL PLATE CAPACITIVE COUPLING. 

5 

Figure 4a-e show in plan and cross sectional eleva- 
tion views preferred embodiment capacitive switch 400; 
note that the vertical dimensions have been greatly ex- 
aggerated for clarity The previous section outlined the 
^0 operation of switch 400 and noted that the signal con- 
ducting portion (plate 41 4) on the membrane is localized 
in the center of the membrane. Microstrip segments 
402-403 have a width of about 50-75 Tm, a thickness of 
about 0.4 Tm (away from the switch structure the micro- 
15 strip is plated to a thickness of about 5 Tm), and are 
separated by a gap of about 100-125 Tm. Electrodes 
405-406 are about 0.4 Tm thick and are spaced about 
25 Tm from microstrip segments 402-403. Spacer 410 
is about 2 Tm thick, and dielectric membrane 412 is 
20 about 0.2 Tm thick and made of silicon nitride with ad- 
hered metal film 41 5 about 0.4 Tm thick. Membrane 41 2 
and metal film 415 and metal plate 414 include an array 
of 1 Tm holes spaced about 7 Tm apart which permit 
plasma etching to remove underlying spacer layer and 
25 create the opening in the spacer. The drawings omit 
showing these plasma access holes for clarity Similarly 
other preferred embodiments described In the following 
have drawings omitting plasma access holes. 

Membrane 412 plus metal film 415 have a total 
30 thickness of 0.6 Tm and are quite compliant but also pro- 
vide sufficient restoring force to pull up after electrodes 
405-406 are deactivated. 

Indeed, the thickness of membrane 412 and metal 
film 415 provide a tradeoff of the electrode threshoW 
3S voltage required to pull down and the restoring force re- 
quired for pull up (to overcome any sticking plus have a 
small switching time). For switch 400 an electrode volt- 
age of about 30 volts suffices; the threshold voltage is 
a little less. Metal plate 414 is about 0.5 Tm thick and 
40 about 50-75 Tm wide and 300 Tm long; thus when pulled 
down onto microstrip segments 402-403, metal plate 
414 overlaps about 250 Tm of each segment. With ni- 
tride membrane 412 as the capacitor dielectric, metal 
plate 414 capacitively couples to microstrip segments 
45 402 and 403 with roughly a 5 pF capacitance. Thus for 
a 10 GHz signal on the transmission line, the 5 pF ca- 
pacitor presents an impedance of roughly 3 ohms. Con- 
trarily with electrodes 405-406 at the same voltage as 
metal film 415, the tension in membrane 412 pulls it up 
50 about 2 Tm to be flat and thereby drop the capacitance 
between metal plate 414 and microstrip segments 
402-403 by a factor of roughly 75 due to the change of 
the dielectric from 0.2 Tm of nitride to 1 .8 Tm of air plus 
0.2 Tm of nitride. Thus the open switch imposes an im- 
55 pedance of roughly 200 ohms in the transmission line 
at 10 GHz. Note that the size of switch 400 (metal plate 
about 600 Tm long) is small compared to the signal 
wavelength at 10 GHz (3 cm in free space and roughly 
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1 cm for the microstrip over a material with effective di- 
electric constant of 10). 

Also, switch 400 provides a dc block between the 
microstrips duetothe rf capacitive coupling. Indeed, this 
is true of all of the following switches with capacitive cou- 
pling. 

Substrate 401 may be made of various materials. 
For example, silicon on sapphire, gallium arsenide, alu- 
mina, glass, silicon on insulator, etc. Formation of the 
switch on a thick oxide region on a silicon substrate per- 
mits control circuitry for the control electrode, including 
charge pumps, to be integrated on the same die as the 
switch. The oxide also helps reduce dielectric losses as- 
sociated with the silicon substrate. Similarly, spacer 41 0 
may be made of various materials such as photoresist, 
PMMA, etc., or may be conductive as in some preferred 
embodiments described in the following and thus made 
of various metals. 

Membrane 412 may be noade of many different di- 
electrics such as quartz, silicon dioxide, silicon nitride, 
organic polymers of various types, and high dielectric 
ferroelectric material such as PLZT, SBN, BST, and 
GaAs, InP, and layered versions of such materials. How- 
ever, a leaky dielectric should be used to avoid static 
charge build up in the dielectric which would act as an 
activation charge. 

Figures 7a-c show in plan views variations of switch 
400, labelled as 700, 730, and 760, respectively, Switch 
700 has the IN and OUT microstrip segments in the form 
of interdigitated fingers. This geometry allows for a 
shorter but wider switch while providing the same ca- 
pacitive coupling as switch 400. Switch 730 has the IN 
and OUT microstrip segments as side by side which also 
shortens the switch; Figure 7b shows the control elec- 
trodes but omits the metal plate and metal film for clarity 
and indicates two horseshoe-shaped spacers leaving 
gaps for the microstrip segments. Switch 760 has the 
two electrodes connected between the microstrip seg- 
ment ends; this provides simple electrode connection 
plus an rf ground between the microstrip ends to In- 
crease isolation. 

2. DIELECTRIC MEMBRANE CAPACITIVE 
COUPLING. 

Figures 8a-c show switch 800 in cross sectional el- 
evation view along the microstrips and in plan view as 
similar to switch 400 but with the omission of the metal 
plate. Switch 800 operates by changing the dielectric 
over and coupling the microstrip segments 802-803 
from air to the nitride of membrane 812 and thereby in- 
creasing the capacitive coupling by a factor of about 7. 
Trench 820 at least 1-5 Tm deep and 20 Tm long (and 
at least as wide as the microstrip segments) limits the 
capacitive coupling through the substrate. Also, trench 
820 permits microstrip segments 802-803 to be brought 
closer together, and metal electrode connector 825 may 
run through trench 820 and provide an rf ground to fur- 



ther lessen the capacitive coupling through the sub- 
strate plus simplify connection to electrodes 805-806. 
Grounded metal films 815-816 lie on membrane 812 
over electrodes 805-806. Figure 8a shows switch 800 

s open, and Figure 8b shows electrodes 805-806 activat- 
ed and switch 800 closed. 

Switch 800 relies on the change in dielectric con- 
stant from about 1 (air when the switch is open) to the 
dielectric constant of the membrane (when the switch is 

10 closed). Thus membrane 81 2 could be made of a ferro- 
electric such as PLZT, BST, SBN, and so forth to in- 
crease the ratio of off impendance to on impedance. 

Of course, switch 400 could have a trench and elec- 
trode connector analogous to trench 820 and connector 

IS 825, and switch 800 could have interdigitated microstrip 
segments analogous to switch 700. 

3. UNDERSIDE METAL PLATE OHMIC COUPLING. 

20 Preferred embodiment switch 400 could be modi- 
fied to replace the capacitive coupling with an ohmic 
coupling by placing the metal plate on the underside of 
the dielectric membrane as illustrated in cross sectional 
elevation view in Figure 9a-b by switch 900. An ohmic 

25 coupling permits switching also of dc or low frequency 
signals. Basically, metal plate 914 is put on the under- 
side of membrane 912 to provide direct metal-metal 
contacts with the microstrip segments; Figure 9a shows 
the open postion with metal plate 912 suspended about 

30 2 Tm above microstrip segments 902-903, and Figure 
9b shows the switch closed with metal plate 91 4 bridging 
microstrip segments 902-903 for ohmic connection. 
With ohmic connection switch 900 may be much smaller 
than switch 400 because the large overlap area of the 

35 metal on the microstrip segments for high capacitance 
coupling is not needed for ohmic coupling. However, the 
ohmic coupling area must be sufficient to limit the cur- 
rent density to what the contact can support without cre- 
ating hot spots and welding closed. Thus the dimen- 

40 sions depend upon the application. Both metal plate 91 4 
and microstrip segments 902-903 may be gold or gold 
plated to provide good ohmic contact. 

4. UNDERSIDE METAL PLATE CAPACITIVE 
45 COUPLING. 

Figure 10 shows switch 1000 as a variation of 
switch 900 with metal plate 1014 on the underside of 
membrane 1012 but with dielectric coatings 1020 on 

50 microstrip segments 1002-1003 to provide capacitive 
coupling. A very thin (< 0.03 Tm) dielectric layer 1020 
can be used on the microstrip segments to Increase the 
capacitive coupling because this dielectric need not 
have the mechanical strength of the membrane 812 in 

55 switch 800. Also, high dielectric constant material could 
be used for the dielectric layer 1020; for example, alu- 
mina, PLZT, BST, etc. 
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5. METAL COATED MEMBRANE CAPACITIVE 
COUPLING. 

Figures 11a-b show in plan and cross sectional el- 
evation views preferred embodinnent switch 1100 which 
has nnetal film 1 11 5 on silicon nitride file 1112 over micro- 
strip segments 1102-1103. Switch 1100 differs from 
switch 400 by having a single metal film 1115 covering 
the entire membrane rather than a grounded metal film 
for the pull down electrodes to attract and a separate 
metal plate for the capacitive coupling of the microstrip 
segments. Grounded metal film 1115 has an inductive 
connection to ground for rf isolation. The use of single 
metal film 1 1 1 5 for both the electrode attraction and the 
capacitive coupling of the microstrip segments provides 
a tradeoff of simpler fabrication but larger parasitic ca- 
pacitance. 

Figure 11c heuristlcally illustrates in plan view an 
electrodeless version of switch 1100 in that the micros- 
trip segments also provide the dc control voltage for pull 
down of the metal membrane. In particular, dc isolation 
of the portions of the microstrip segments in the switch 
from the remainder of the microstrip (by series capaci- 
tors and dc control voltage through chokes) permits use 
of the microstrip segments themselves as the elec- 
trodes. The varying rf voltage does not affect switch op- 
eration because of the inertia of the membrane. Thus 
the switch can be made narrower and be optimized for 
higher frequency operation. 

Other transmission line geometry could be used 
such a coplanar waveguide with the ground lines run- 
ning under the spacer. 

6.METAL MEMBRANE OHMIC COUPLING. 

Figure 12a shows in cross sectional elevation view 
preferred embodiment switch 1 200 which has metal film 
membrane 1215 over microstrip segments 1202-1203 
which pulls down to create an ohmic connection be- 
tween the microstrip segments. Switch 1200 emulates 
switch 1 1 00 by having a single grounded metal film 1 21 5 
for both the pull down electrodes to attract and for the 
coupling of the microstrip segments. Grounded metal 
film 1215 also has an inductive connection to ground for 
rf isolation. 

Metal membrane 1215 may be made of aluminum, 
gold, titanium-tungsten, or a layered structure such as 
TiW/Pt/Au. 

Figures 12b-c show in plan and cross sectional el- 
evation views a variation of switch 1200 with a roughly 
indented rectangular metal membrane 121 5 suspended 
on metal posts 1221-1222 at each short end and with 
coupled microstrips 1202-1203 entrant at each long 
end. A voltage applied to posts 1221-1222 pulls metal 
film down towards the grounded substrate and this 
makes the ohmic contact to the microstrips. The por- 
tions of metal film 1215 adjacent the posts is narrower 
than the center portion, so metal film 1215 bends prima- 



rily adjacent the posts as illustrated in Figure 12d. 

7.METAL MEMBRANE WITH DIELECTRIC COATED 
MICROSTRIPS CAPACITIVE COUPLING. 

5 

Figures 13a-b show in cross sectional elevation 
views preferred embodiment switch 1300 which has 
metal film membrane 1315 over microstrip segments 
1302-1303 which have dielectric coatings 1332-1333. 

10 Switch 1300 emulates switch 1000 by having a single 
grounded metal film 1315 for both the pull down elec- 
trodes to attract and for the capacitive coupling of the 
microstrip segments. Grounded metal film 1315 also 
has an inductive connection to ground for rf isolation. 

15 Further, electrodes 1 305-1 306 also have dielectric coat- 
ings or are recessed below dielectric posts to avoid a 
short circuit during activation. 

Figure 13b is a cross sectional along a line perpen- 
dicular to that of Figure 13a and illustrates the recessed 

20 electrodes. Figure 13a shows recessed electrode con- 
nector 1 307 which connects electrodes 1 305 and 1 306 
and also contributes to the isolation of the microstip seg- 
ments 1302-1303. 

2S PREFERRED EMBODIMENT SWITCHES WITH 
COMPONENT MEMBRANE 
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1. METAL MEMBRANE COMPONENT OHMIC 
COUPLING. 



Figures 14a-b illustrate in plan and cross sectional 
elevation views preferred embodiment switch 1400 
which differs from the previously described switches by 
connecting one microstrip to the deflectable membrane. 

35 In particular, switch 1400 includes a silicon substrate 
with a 2 Tm thick silicon dioxide layer 1401 with trans- 
mission line microstrip segments 1402-1 403 and control 
electrode 1406 on the surface of oxide 1401 and within 
an opening in spacer annulus 1410. Metal membrane 

40 1412 lies on spacer 1410 and spans the opening and 
extends down the outside to connect to microstrip 1 403. 
Metal membrane provides the rf signal conducting and 
mechanical deflection for the switching action, respec- 
tively As with switch 1200 metal membrane 1412 and 

45 electrode 1 406 form an air gap capacitor which deflects 
membrane 1412 when charged and thereby makes an 
ohmic connection of microstrip 1 402 through membrane 
1 41 2 to microstrip 1 403. 

Electrode 1406 lies in a recess in oxide 1401, and 

50 additionally an array of oxide posts 1430, each about 2 
Tm in diameter, project through electrode 1406 with a 
spacing of about 5 Tm, so metal membrane 1412 will 
not contact electrode 1 406 when the activated electrode 
pulls the membrane down. 

55 Annular spacer 1410 has an outside diameter of 
about 400 Tm, and inside diameter (opening) of about 
250 Tm, and a height of about 2 Tm. Microstrip 1402 
may be narrowed from 50-75 Tm wide to 25 Tm wide to 
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be separated from electrode 1406 but widen again to 
50-75 Tm at Its circular terminus In the center of the 
opening; this allows a greater contact area with mem- 
brane 1412 and consequently a smaller operating cur- 
rent density. Electrode 1406 may lie In a 1 Tm deep re- 
cess in oxide 1401 . Roughly 30 volts between electrode 
1406 and membrane 1412 will pull down the membrane 
to make contact with the terminus of microstrip 1402. 
Membrane 1 41 2 Is made of aluminum and about 0.4 Tm 
thlcl^ this provides sufficient restoring force to pull the 
membrane up off of microstrip 1402 and back to hori- 
zontal upon deactivation of electrode 1406. Of course, 
the dc grounding of membrane 1412 and microstrip 
1403 Is through a choke to ground (not shown) plus a 
series capacitor (not shown) to dc isolate the membrane 
from the remainder of microstrip 1 403. 

Figures 14c-d show in plan and cross sectional el- 
evation views a rectangular rather than circular geome- 
try for switch 1400. In this rectangular version, one side 
of membrane 1412 connects to microstrip 1403 by ver- 
tical metal via 1 450. 

2. METAL MEMBRANE COMPONENT CAPACITIVE 
COUPLING. 

Figures 15a-b show in plan and cross sectional el- 
evation views preferred embodiment capacitlve switch 
1500 which is the same as switch 1400 but with thin (< 
0.05 Tm) dielectric 1 520 coatings on the microstrip seg- 
ment 1502. This prevents metal membrane 1512 from 
touching microstrip 1502 and provides capacltive cou- 
pling of the microstrips analogous to switches 1000 and 
1300. 

Figures 15c-d show In plan and cross sectional el- 
evation views an electrodeless version of switch 1500 
which omits the electrode and applies the dc pull down 
voltage to the dc-isolated portions the microstrips 
1502-1503. Capacitors 1532-1533 provide the isolation 
and inductors 1 542-1 543 provide chokes for application 
of the pull down dc voltage between the microstrips. 

3. METAL PLUS DIELECTRIC MEMBRANE 
COMPONENT CAPACITIVE COUPLING. 

Figure 16 shows in cross section elevation view 
switch 1600 which is similar to switch 1400 except the 
membrane is dielectric membrane 1612 with overlying 
metal film 1615. Dielectric 1612 prevents ohmic contact 
but provides capacitlve coupling of the underlying micro- 
strip through metal film 1615 to microstrip. The use of 
dielectric film 1612 also ellninates the need to recess 
the pull down electrode. Note that Figure 16 shows both 
the pulled up and the pulled down membrane positions. 

4. METAL PLUS DIELECTRIC MEMBRANE 
COMPONENT OHMIC COUPLING. 

Figure 17 shows In cross section elevatbn view 
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switch 1700 which is similar to switch 1400 except the 
membrane is dielectric rhembrane 1712 with underlying 
metal film 1715. This provides ohmic contact as In 
switch 1400 with additional dielectric covering of the 
s membrane. 

PREFERRED EMBODIMENT SWITCHES WITH 
TORSION/FLEXURE FLAP 



Figures 18a-b illustrate in plan and cross sectional 
elevation views preferred embodiment switch 1800 
which differs from the previously described membrane 
switches by using stiff metal flap 1812 suspended by 
two thin metal hinges 1821-1822. This is analogous to 
the spatial light modulator torsion beam pixel of Figures 
3a-d. Application of voltage between dc-grounded flap 
1812 and electrode 1806 attracts flap 1812 and rotates 
20 the flap counterclockwise (in Figure 16b) about an axis 
through the hinges. This pulls one edge of the flap down 
to contact microstrips segments 1802-1803 to form an 
ohmic connection between the microstrips to close the 
switch. Flap 1812 is rf isolated from ground by a choke 
2S inductor. Removal of the applied voltage allows the 
twisted hinges to relax and return flap 1812 to parallel 
to the substrate surface as in Figure 18b and thereby 
open the switch. Contrarily, a voltage applied to elec- 
trode 1805 twists hinges clockwise and moves the op- 
30 posite edge of metal flap 181 2 toward landing pad 1 807 
to further open the switch. Thus by applying a voltage 
to electrode 1805 at the same time that the pull down 
voltage on electrode 1806 is removed provides an elec- 
tric opening of the switch rather than just relying on the 
35 relaxing of the twisted hinges alone. Indeed, thick (gold 
plated) microstrips 1802-1803 imply a small gap be- 
tween flap 1812 and the microstrips for the case of no 
applied electrode voltages; thus flap 1812 will have a 
large area of contact with the microstrips because the 
40 flap is still close to parallel to the microstrip surfaces. A 
large area of contact (especially with a soft gold micro- 
strip surface) limits the current density at the contact and 
extends switch life. 

Metal flap 1812 may be about 200 Tm wide (extend- 
45 ing 1 00 Tm from the rotation axis of the hinges) and fairly 
thick (5 Tm) to remain somewhat stiff and avoid sagging. 
Hinges 1821-1822 may attach to a surrounding metal 
layer on a spacer as illustrated In Figures 18c-d or may 
attach to metal posts (analogous to the switch in Figures 
so 1 2b-d) or even a series of metal posts as Illustrated In 
Figure 18e. 

2.METAL FLAP TORSION CAPACITIVE COUPLING. 

55 Figure 19a shows switch 1900 which includes 
microstrip dielectric coatings but othen/vise is analogous 
to switch 1800. In particular, microstrips 1902-1903 
have dielectric coatings 1 920. Thus, when voltage ap- 
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plied to electrode 1906 rotates flap 1912 about hinges 
1 921 -1 922 to pull on an edge of flap 1 91 2 down to con- 
tact the microstrips, a capacitive coupling forms. 

Figure 1 9b shows an alternative capacitive coupling 
approach by torsion beanr> 1912 In which microstrips 5 
1902-1903 have a separation of just the length of an 
edge of beam 1912. Thus when beam 1912 is pulled 
down into the separation space, it capacitively couples 
to each microstrip and thereby closes the switch. 

10 

3. METAL FLAP FLEXURE OHI^IC COUPLING. 

embodiment switch 2000 which includes rectangu- 
lar metal flap 2012 suspended by flexure hinges 
2021-2024 at each corner; recessed electrodes 2006 is 
and microstrips 2002-2003 run under flap 2012. Flap 
201 2 is thicker than the hinges and is grounded through 
an rfchoke. Switch 2000 operates as follows. With no 
voltage applied between electrodes 2006 and flap 201 2. 
hinges 2021-2024 hold flap 2012 up over microstrips 20 
2002-2003 and the switch is open as in Figure 20b. Con- 
versely, with an applied voltage between the electrodes 
and the flap, flap 201 2 Is pulled down to bend the hinges 
and to make contact with the microstrips and thereby 
close the switch as in Figure 20c. When the electrode 2S 
voltage is removed, the hinges relax and pull up the flap 
to open the switch. 

Analogous to the hinges in switch 1800, hinges 
2021-2024 may connect to a spacer or to posts. 

30 

4. METAL FLAP FLEXURE CAPACITIVE COUPLING. 

Figure 21 illustrates in cross sectional elevation 
view preferred embodiment switch 2100 which differs 
from switch 2000 simply by dielectric coatings 2120 on 3S 
the microstrips 2102/2103 (and on electrodes 2106 to 
eliminate the need for recesses) for capacitive coupling. 
Hinges 2121-2124 support flap 2112 either by connec- 
tion to a metal layer on a spacer or to metal posts. 

40 

PREFERRED EMBODIMENT SWITCHES WITH 
PULLUP AND PULLDOWN 

1. METAL MEMBRANE WITH OVERLYING PULLUP 
METAL MEMBRANE 45 

Figure 22 illustrate in cross sectional elevation 
views preferred embodiment switch 2200 which is anal- 
ogous to switch 1400 but with an additional overlying 
metallized dielectric membrane 2256 which acts as a so 
pull up electrode for metal membrane 2212 which con- 
nects to microstrip 2202. As with switch 1400, a voltage 
applied between recessed electrode 2206 and mem- 
brane 2212 pulls the membrane down to make contact 
with microstrip terminus 2202 and thereby close the ss 
switch. Conversely, a voltage applied between overlying 
membrane 2256 and metal membrane 2212 (while no 
voltage is applied between underlying electrode 2206 



and membrane 2212) pulls membrane 2212 up to open 
the* switch. Thus analogous to switches 1800-1900, 
switch 2200 has electrical activation for both switch clos- 
ing and opening and does not rely exclusively on me- 
chanical restoration for switch opening. 

Figure 22 also shows spacers 221 0-221 1 and plas- 
ma access holes in both of the membranes. Switch 
could be fabricated by first form the underling electrode 
and microstrips; spin on spacer and form vias; deposit 
metal and pattern it for membrane 2212 plus a part of 
the vertical connection for the overlying membrane, this 
metal deposition also fills the vias to make vertical con- 
nections; spin on a second spacer layer and form a via; 
deposit metal and pattern it to from the overlying elec- 
trode membrane; lastly, plasma etch to remove unwant- 
ed spacer. 

Other embodiments previously described may also 
have an overlying pull up electrode analogous to mem- 
brane 2256 in order to have electrical switch opening. 
The overlying pull up membrane could be supported by 
posts rather than spacer, so a spacerless switch with 
electrical pull up can be made. In this case insulation 
layers between stacked posts will be needed. 

PREFERRED EMBODIMENT SWITCHES WITH 
BISTABLE FLAP 

1. BISTABLE MEMBRANE OHMIC COUPLING. 

Figures 23a-b illustrate in plan and cross secttonal 
elevation views preferred embodiment switch 2300 
which differs from the previously desribed switches by 
use of stiff bimetal membrane or a film 231 5 formed with 
compressive strain which has two stable states of cur- 
vature as illustrated in Figure 23b. TiW, silicon dioxide, 
and silicon nitride can all be easily deposited with com- 
pressive strain. For a dielectric membrane, apply a thin 
metallic coating on the bottom side. One curvature state 
corresponds to an open switch with the membrane sep- 
arated from the microstrips (2315 OPEN in Figure 23b), 
and the second state corresponds to a closed switch 
with the membrane making an ohmic connection be- 
tween the microstrips (2315 CLOSED in Figure 23b). 
The states can be toggled by voltage applied either be- 
tween membrane 2315 and pulldown electrodes 
2305-2306 or between membrane 2315 and overlying 
pullup electrode membrane 2356. Note that once mem- 
brane 231 5 enters one of the two states, no further volt- 
age need be applied to hold it in the state: there is no 
mechanical restoration force. And as with other elec- 
trodeless switch embodiments, dc isolation plus rf 
chokes are used for pull up (and pull down if it also is 
electrodeless) voltage. The use of both pull up and pull 
down electrodes is analogous to the structure of Figure 
22. Compressive strain membrane 2315 is attached to 
metal vias 2321-2322, so the membrane cannot relax. 
Fabrication would folbw that of switch 1 200 using posts, 
although a spacer version could be made anabgous to 
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switch 2200. In either case, the strain membrane must 
be attached to fixed supports to avoid relaxation of the 
strain. 

Alternatively, a bimetallic bistable membrane can 
be toggled between curvature states by thermal cycling 
using the resistance of the membrane and running a dc 
current through the membrane. In this case the overly- 
ing pullup film 2356 may be omitted as well as the pull 
down electrodes. Further, direct laser beam heating 
may be used for the toggling. 

The membrane length (between support vias) and 
thickness depend upon the switch size, film strain, and 
the Euler buckling criterion which states that the film will 
buckle If the strain exceeds X^/S times the square of the 
quotient of the thickness divided by the length. The 
strain can be controlled by deposition process parame- 
ter adjustments. 

2. BISTABLE MEMBRANE CAPACITIVE COUPLING. 

Switch 2300 can be turned into a capacitive coupled 
switch by applying dielectric coatings on the microstrlps, 
or using a metal coated dielectric membrane. In partic- 
ular, a 1 .5 Tm thick silicon membrane with a 0.4 Tm thick 
aluminum top coating and 400 Tm long by 30 Tm wide 
could be used. 

3. BISTABLE METAL MEMBRANE AS COMPONENT 

Switch 2300 can also be connected analogous to 
switch 1400 with one microstrip attached to the metal 
vias which support a metal or metal coated dielectric film 
and only a single microstrip under the membrane. 

4. BISTABLE METAL MEMBRANE WITH TOP 
CONTACT 

Figure 24 shows switch 2400 as a modification of 
switch 2300 in which the top pullup electrode membane 
2456 makes contact with the compressive strain mem- 
brane 2415. This permits a third microstrip to be con- 
nected to the pullup membane vias and form an intrinsic 
SPDT That Is, an input microstrip connected to strain 
membrane 2415 will either connect to a first output 
microstrip 2302 when membrane 2415 is down or con- 
nect to a second output microstrip through top mem- 
brane 2456 when membrane 241 5 is up. 

PREFERRED EMBODIMENT MULTI-THROW 
SWITCHES. 

Almost all of the foregoing preferred embodiments 
are single pole-single throws (SPST) switches. Howev- 
er, these switches also provide the foundations for more 
involved switches which find wide application. 
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1. SINGLE POLE-DOUBLE THROW - SPDT 

Figure 5 shows an SPDT made with a single mem- 
brane, and Figure 6 shows a merged version of two SP- 

s DTs formed with a single membrane. Similarly, Figure 
24 illustrates an SPDT 

Figures 25a-b shows torsion flap SPDT switch 2500 
Including metal flap 2512 supported by hinges 
2521-2522 with electrodes 2505-2506 on either side of 

10 the rotation axis of the torsion flap. Input on microstrip 
2502 goes out either microstrip 2503 or 2504. Further, 
switch 2500 could be modified by an overlying pair of 
contacts such as illustrated in Figure 25c. In this case 
the torsion flap would be rf isolated and just act as a 

IS conduit connecting either microstrip 2502 to overhang- 
ing conductor 2552 or microstrip 2503 to overhanging 
conductor 2553. 

Figure 26 Illustrates in plan view SPDT switch 2600 
which could be considered an SPDT version of switch 

20 1 400. Metal memebrane 261 2 connects by a via to input 
microstrip 2602 and extends over recessed pull down 
electrodes 2605-2606. With a dc pull down voltage be- 
tween electrode 2605 and membrane 2612 pulls down 
to make connection with microstrip 2603 and close one 

25 switch; conversely, activation of electrode 2606 pulls the 
membrane down to microstrip 2604 and close the other 
switch. Membrane 2612 could be about 250 Tm wide 
and 400 Tm long and be suspended about 2 Tm over 
the microstrips. About 30 volts dc will pull down an alu- 

30 minum membrane of thickness 0.4 Tm. 

2.SP3T 

Figures 27a-b illustrate in plan and cross sectional 
35 views single pole-three throw (SP3T) switch 2700 made 
of three adjacent switches analogous to switch 1400 
and with a common metal membrane 2712 connected 
by a via to input microstrip 2701 and three recessed 
electrodes 2705-2707 and corresponding output micro- 
be strips 2702-2704. More output microstrlps and pull down 
electrodes could be included by expanding the square 
geometry either symmetrically as to a pentagon, hexa- 
gon, etc. or linearly as illustrated in the next section. 

A capacitive coupling version of SP3T switch 2700 
may easily be realized by dielectric coatings on the end 
portions of the three underlying microstrlps. And the 
electrodes could also have dielectric coatings andthere- 
by avoid being recessed. 

50 3. SPMT 

Figure 28a shows in plan view six throw switch 2800 
which could be used in a filter as heurlstically illustrated 
in Figure 28b. Switch 2800 includes metal membrane 
55 2812 which spacer 2810 suspends over six output 
microstrips OUT1-OUT6 and corresponding recessed 
electrodes. Microstrlps IN and OUT connect to opposite 
ends of membrane 2812 by vertical vias, and each in- 
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eludes an inductor to cancel out the excess capacitance 
of membrane 281 2. Each electrode pulls down a portion 
of membrane 281 2 to make contact with its correspond- 
ing output microstrip. As with the other embodiments, 
membrane 2812 will be dc isolated from the microstrip 
I N and microstrip OUT to provide the proper dc potential, 
typically ground. 

In the filter or Impedance matching application of 
Figure 28b, the six output microstrlps labelled 
OUT1 1 -OUT6 connect to ground through either lumped 
or distributed or stub capacitors C1-C3 and inductors 
LI -La 

PREFERRED EMBODIMENT SHUNT SWITCHES 

Figure 29a illustrates heuristlcally a shunt-serles- 
shunt switch configuration and Figure 29b shows in plan 
view preferred embodiment 2900 utilizing the foregoing 
membrane switches. In particular, metal membrane 
291 1 pulls down to make the series connection between 
the IN and OUT microstrlps, and metal membrane 2912 
pulls down to make both shunt to ground connections 
for the microstrlps. 

Figures 29c-d show in plan and cross sectional el- 
evation views shunt switch 2930 for a coplanar 
waveguide with ground lines 2940-2941 and center line 
2942. Vias 2945-2946 suspend metal membrane 2932 
about 2 Tm over the centerline and connect the mem- 
brane to the ground lines. Centerline 2942 is coated with 
dielectric 2943 and Is dc Isolated for electrodeless op- 
eration. A pull down voltage applied to centerline 2942 
pulls membrane 2932 down to capacitivefy couple the 
centerline to ground. 

Figures 29e-f show a narrow band SPDT switch 
which uses selective shunting of one of the arms to 
ground. This avoids off-capacitance problems and uses 
resonant trensmisslon lines to achieve proper phaseing. 
The individual shunt to ground switches may each be 
like switch 2930 or may be combined with a single mem- 
brane as illustrated in Figures 29g-h. Alternatively, the 
torsion flap switch 2500 could be used with the flap con- 
nected to ground. Also, the foregoing could capacltlvely 
couple to ground by dielectric coatings on the micros- 
trips. 

PREFERRED EMBODIMENT FABARICATION 
METHODS 

The foregoing switches can be fabricated by the fol- 
lowing preferred embodiment methods, illustrated In 
Figures 30a-f . or variants of these methods: 

1. METHOD FOR SPACER SUPPORT SWITCH. 

Begin with an oxidized silicon substrate. Form any 
other devices, such as CMOS control logic, which are 
needed away from the area of the switch, and cover 
these devices with a protective coating. Then photollth- 



ographlcally define the location of the recessed elec- 
trode and etch the oxide with a timed etch (a fluorine 
plasma or an HF wet etch), the recess may have sloped 
sidewalls to help step coverage. Etch to the desired 
5 depth, e.g., 1 Tm deeper than electrode thickness. See 
Figure 30a. Then deposit by liftoff metal (e.g., TIW/Pt/Au 
roughly 0.4 Tm thick) to form the microstrlps and elec- 
trodes extending into the recess and on the oxide sur- 
face. If the microstrlps are to be thicker (e.g., 5 Tm) away 
10 from the switch, then electroplate them now also recess 
deeper. Spin on the spacer material (e.g., 2 Tm of pho- 
toresist or polylmide) which planarlzes the surface. Ex- 
pose the spacer and develop it to form the via for vertical 
connection from the evenual metal membrane down to 

'5 the corresponding microstrip; see Figure 30b. A bake 
will slope the sidewalls of the spacer for better step cov- 
erage. Next, deposit the metal film membrane (e.g., 
sputter Al with a thickness 0.4 Tm or low temperature 
CVD tungsten), this also covers the via sidewalls. If 

20 Then spin on photoresist and pattern it to define the 
membrane (about 400 Tm diameter) plus connection 
into the via plus the plasma access holes. Then etch the 
metal film (e.g., KOH for Al); see Figure 30c. Lastly per- 
form a timed plasma etch of the spacer to form the open- 

2s jng under the membrane while leaving the spacer annu- 
lus to support the membrane. 

This process is relatively straightforward and com- 
patible with low-cost processing such as silicon CMOS 
processing, and the switches can be integrated with 

30 CMOS control circuitry or other logic for driving the elec- 
trodes to control the switches. 

2.METHOD FOR VIA-POST SUPPORTED SWITCH. 

35 First spin on photoresist and pattern it to define the 
locations for the electrodes and microstrlps. Next, de- 
posit metal (e.g., TiW/Pt roughly 0.3 Tm thick) lines by 
liftoff, see Figure SOd. Then do any needed electroplat- 
ing of portions of the microstrlps away from the switch. 

40 Deposit a 2 Tm thick layer of planarizlng spacer; e.g., 
spin on photoresist or polylmide. Deposit a layer of 
membrane metal to the desired thickness on the spacer. 
The thickness will depend upon membrane material, 
switch size, and switching speed; for example switch 

45 1200 has about 0.4 Tm of aluminum. Then photolitho- 
graphically etch the metal layer to membrane size and 
etch vias In the spacer down to the electrodes; see Fig- 
ure 30e. Deposit conformal metal (e.g., CVD tungsten) 
to fill the vias and photolithographically etch the confor- 

50 mal metal to remove it everywhere except in the vias. 
Lastly, strip the spacer; see Figure 30f. 

Alternatively, the vias could be formed first and then 
membrane metal and via metal deposited in the same 
step or as successive steps with a liftoff for the thicker 

55 metal on a thinner underlying metal. 
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PREFERRED EMBODIMENT PHASE SHIFTERS 

1. SWITCHED LINE TIME DELAY PHASE SHIFTER. 

Figure 31 a shows a schematic preferred embodi- 
ment tour-bit switched line time delay phase shifter. 
Each bit contains two SPOT switches that select either 
of two possible line length paths. The SPDT switches 
may be any of the prefered embodiment switches; in 
particular, Figure 6 shows merged SPDTs. 

2. QUADRATURE HYBRID COUPLED TIME DELAY 
PHASE SHIFTER. 

Figure 32a schematically illustrates a 3-bit quadra- 
ture hybrid-coupled time delay phase shifter with pre- 
ferred embodiment SPST switches. A quadrature hybrid 
coupler has the property that identical reflection coeffi- 
cients placed on the two 3 dB output ports cause the 
reflected signals to add constructively at the hybrid iso- 
lated port and to add destructively (or cancel) on the hy- 
brid input port. The destructive cancellation at the input 
port allows the hybrid to maintin its impedance matched 
property. The phase of the resultant constructively add- 
ed signal at the isolated port has a 1:1 relationship to 
the phase of the reflection coefficients placed on the hy- 
brid output ports. If unity magnitude reflection coeffi- 
cients are used, total reflection occurs which results in 
lossless transmission from the hybrid input port to hybrid 
isolated port with a phase that is determined by the re- 
flectbn coefficient phase. 

Purely reactive circuits (unity magnitude reflection 
coefficients) are created on the hybrid 3 dB output ports 
as determined by the switch positions. By using differing 
pairs of line lengths on the various hybrids, the required 
phase bits will produce the differential phase shifts as 
determined by pairs of switch states. The cascade con- 
nection of three each hybrid bits allows the realization 
of any phase from 0 to 360 degrees in 45 degree incre- 
ments. 

A similar type phase shifter design in Figure 32b can 
be realized by using 3-port circulators instead of 3 dB 
quadrature couplers. Again, the transmitted signal 
phase of each bit is established by the position of switch- 
es on the circulator low-loss output port to reflect the 
signal to the originally isolated port. The advantage is 
that each bit requires only one switch to establish the 
required transmission phase differential. 

3. PERIODICALLY LOADED-LINE PHASE SHIFTER. 

A periodically loaded-line phase shifter consists of 
a transmission line periodically loaded with switched 
susceptances. Pairs of identical switchabie susceptanc- 
es are spaced approximately one quarter-wavelength 
apart along the transmission line as shown in Figure 33 
with SPST switches to ground; however, a single pre- 
ferred embodiment multithrow switch as in Figure 28a 
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is used with the microstrip In/out grounded. Reflections 
from each pair of identical susceptances tend to cancel 
so that the transmissin line impedance match is main- 
tained. Each pair of switchabie suscepatnces produce 
s an increment of the toal desired phase shift diefferene- 
tial. If each susceptance pair produces 22.5 degrees of 
differential hpase shift, 32 switches would be required 
to eetablish any phase from 0 to 360 degrees in 22.5 
degree increments. 

PREFERRED EMBODIMENT TIME DELAY 
NETWORKS 



Figure 34a shows that a signal wavefront incident 
on an array of length L from an angle 1 off broadside 
travels a distance of Lsin 1 farther to the last element of 
the array than it does to the first element. The time it 
takes for the signal to be present at all elements of the 
array is T = (L/c)sin 1 where c is the speed of light in 
free space. This time T is known as the aperture fill time. 
For pulsed systems and large arrays, this can be an in- 
stantaneous bandwidth limiting factor. To reduce or 
eliminate this problem, switchabie time-delay networks 
(Figure 34c using preferred embodiment SPDT or 
merged SPDTs as in Figure 6) can be incorporated be- 
hind each element or each subarray of elements of the 
array. Figures 34b shows a 4 by 4 subarray that could 
be used as a time steered subarray in a phase steered 
aperture. The phase shifters shown are as in Figure 31, 
If each subarray power amplifier was 16 watts, then 
each element could receive up to I watt. Each element 
of subarray 3400 is a square patch radiator with side 
length of approximately 0.350 inch. 

2.DIGITAL PHASE SCANNING. 

Figure 35 shows a schematic of a digitral phase 
scanned linear array. Each hybrid is a quadrature cou- 
pler device and Is interconnected with fixed time delay 
phase shifters and preferred embodiment SPDT rf 
switches. The fixed phase shifters are each multiples of 
22.5 degrees (X/8 radians) as shown in the Figure. By 
appropriate selection of the switch states, element-to- 
element phase increments of ±22.5, ±67.5, ±112.5, and 
±1 57.5 degrees can be achieved. Each of these 8 linear 
element-to-element phase distributions will form a sep- 
arate beam in space. However, only one beam may be 
formed at a time. 

PREFERRED EMBODIMENT BEAM SELECTION 



Figure 36a shows a schematic of an 8-beam Butler 
matrix connected to a linerar an^ay of B radiating ele- 
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ments. The network has 8 beam ports labeled 1 through 
4 left and 1 through 4 right. Figure 36b shows the 8 array 
beam patterns generated by the network and are la- 
beled 1 through 4 left and 1 through 4 right. A signal 
received from the diretion of the peak of one of the s 
beams will emerge from the network on the port labeled 
with the same beam number Conversely, a signal ap- 
plied on one of the network beam ports will create the 
corresponding beam in free space. Single pole, multi- 
throw rf switching on the 8 beam ports allow the Individ- io 
ual beams to be selected one at a time. Preferred em- 
bodiment integrated multithrow switches are used. Mul- 
tiple switch schemes would allow simultaneous beam 
forming since all 8 beams can exist at the same time. 

15 

2. BLASS MATRIX BEAM SELECTION. 

As with the Butler matrix, the Blass matrix network 
will also create simultaneous beams In free space. How- 
ever, unlike the Butler matrix which has the same 20 
number of beams as radiating elements (usually an in- 
tegral power of 2), the Blass network can create an ar- 
bitrary number of simultaneous beams with an arbitrary 
number of elements. Figure 37 shows a schematic of a 
5-beam Blass matrix feeding a linear array of 9 radiating 25 
elements. Also, unlike the Butler matrix which has 
beams evenly spaced in pointing angles, The Blass ma- 
trix can have a linear length progression from elements 
1 through 9 between any two adjacent feedlines of the 
Figure and park the beams at any arbitrary pointing di- 30 
rection in space. Again, rf switching between the beam 
ports allows Individual beam selection for transmit or re- 
ceive or multiple beam selection of the simultaneous 
beams. A preferred embodiment integrated multithrow 
switch is used. as 

3. ROTMAN LENS BEAM SELECTION. 

The Rotman leans Is an optical device that focusses 
the input from several ports of a linear array to a unique 40 
point on the rear of the lens. This focussed point is de- 
termined by the direction of arrival of the array signal 
and therefore phase progression of the signals across 
the linear array. Several beam ports are placed along 
the back of the lens to collect this focussed energy for 4S 
each of several possible simultaneous angles of signal 
arrival. Figure 38 shows a schematic of a 30 beam Rot- 
man lens feeding a linear array of 30 radiating elements. 
As with the Butler and Blass matrices, the many Rotman 
lens beam ports can be switched to a single receiver or so 
transmitter by a preferred embodiment single pole multi- 
throw rf switch. Also, multiple switch schemes can allow 
multiple beams to be selected at the same time from the 
many simultaneous beams. 

55 



4.CIRCULAR SYMMETRIC ARRAY BEAM 
SELECTION 

The array of Figure 39 has elements located at a 
constant interval around the circular antenna. An rfnrran- 
ifold is used to create n outputs where n is a subset of 
the total N elements of the circular array The manifold 
can have uniform amplitude and phase weighting for 
maximum effective radiated power or can be amplitude 
tapered to yield low sidelobe free space patterns. The 
maifold distributbn can also be phase-spoiled to give 
an altered pattern shape. 

Acomutating sector of n elements is excited at any 
one time by rotating rf switching to give 380 degree scan 
coverage of the pattern, as determined by the manifold. 
Preferred embodiment intgrated single pole multithrow 
switches are used. 

PREFERRED EMBODIMENT TRANSMIT/RECEIVE 

DUPLEXING 

I.TRANSMIT/RECEIVE DUPLEXING 

Figure 40 is a simplified schematic of a transmit/re- 
ceive module. Preferred embodiment SPOT rf switches 
are used to select either trasnmit or recive capability by 
connecting the manifold and radiating element ports 
through the transmit power amplifier (PA) or the receive 
bw noise amplifier (LNA) respectively 

PREFERRED EMBODIMENT FREQUENCY 
SELETION 

1. FILTER SELECTIVITY TUNING 

An rf filter is a two port device that selectively pass- 
es desired frequencies while reflecting or absorbing un- 
wanted frequencies. A reflective filter with a desired 
passband and stop band is often realized by the accu- 
mulatbn of precise synchronously tuned mismatches 
spaced along the transmission line connecting input and 
output ports. Figure 41 shows the schematic of a filter 
in which the synchronously tuned mismatches are stubs 
(either open or short circuited) that create selective fre- 
quency reflections. The frequency selective regions for 
passband and stopband are determined by the stub 
spacing, or separation, and stub lengths. By rf switching, 
the desired set of 3 upper or 3 lower stubs in the Figure 
can be selected for the frequency response as required. 
Preferred embodiment SPST switches provide the con- 
nections. 

2. CHANNELIZER SWITCHING. 

Many rf systems are required to be broadband for 
wide frequency coverage applications. However, some 
components in the system may be Inherently narrow 
band and cannot cover the full operating bandwidth. Al- 
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so, the wide bandwidth nature of the system may allow 
unwanted wideband noise to degrade system perform- 
ance. Therefore, a bank of similar components, each 
working In its designed narrrow band, may be switched 
in and out as the frequency is varied to satisfy the full 
band requirement of the system. 

Wideband noise can be detrimental to system noise 
figure and signal-to-noise ratio. Figure 42 shows an ap- 
plication of the switching technique to minimize the un- 
desirable noise effect. The channelizer is a bank of nar- 
row band bandpass filters each fixed-tuned to contigu- 
ous frequency bands across the system bandwidth. As 
the frequency is varied across the band of operation, the 
approriate channelizer filter Is switched into the receiver 
path to continuously minimize the noise bandwidth. 
Note that Figure 42 depicts a technique to realize a sin- 
gle pole multi-throw rf switch by using a set of SPDT 
switches. In either case, preferred embodiment SPDTs 
or preferred embodiment multithrow switches are used. 

3. ELECTRONIC DEVICE IMPEDANCE MATCH 
TUNING 

Elecronic devices ranging from hand-held cellular 
telephones to high power radar transmitters operate in 
the microwave frequency range and are subject to high 
frequencvy impedance mismatch problems. The match- 
ing network required to improve the impedance match 
may be different under differing operating conditions. An 
example is a hand-held telephone with Its antenna In the 
stowed position versus partially or fully extended or op- 
erating inside an aircraft versus a conference room or 
office. Rf switching can be used to create this needed 
variable tuning network. 

Figure 43 shows an example of variable tuning the 
impedance match between the antenna and transmit- 
ter/receiver of cellular telephone. An array of open or 
shorted stubs can be selected (either manually or auto- 
matically) to continuously improve the impedance 
match between the two electronic devices. This im- 
proved match will increase the signal-to-noise ratio, re- 
duce the required transmit power and prolong operating 
battery life. Preferred embodiment multithrow switches 
are used, and Figures 28a-b show the case for six ele- 
ments. 

4. ANTENNA FREQUENCY SELECTIVITY TUNING. 

Most rf antennas operate at a frequency range that 
is determined by the radiating element size. By altering 
the physical dimensions of various antennas, the anten- 
na tuned frequency can be selected. Figures 44-45 
shows two examples of rf switching used to select the 
antenna size, and therefore, antenna selective tuned 
frequency. 

Figure 44 shows a dipole antenna whose half-wave 
resonant length can be selectively chosen as 21i. 21 2. 
or 21 3 by the appropriate preferred embodiment rf 



switch positions. Thus, the dipole can be tuned to any 
one of three frequencies. Additional tuned frequencies 
may be generated by extending the antenna size with 
additional switches. 
s Figure 45 presents a circular patch antenna consist- 
ing of the central metallized disk. The disk will resonate 
and, therefore, radiate at a frequency in which the disk 
diameter, d^. Is one-half wavelength. By the implemen- 
tation of rf switching to effectively increase the patch an- 
10 tenna diameter to d2. the antenna will resonate (and ra- 
diate) at a different frequency. This rf switching may be 
realized, for example, by a movable (or deformable) 
metallized annular contact as in switch 1400 that con- 
nects the central disk of the Figure to the metallized an- 
is nular ring. 

Another embodiment of this concept is to let the 
movable metallized annular contact have an outer di- 
ameter of d2, thus eliminating the need for the metal- 
lized annular ring in Figure 4j5. When the movable an- 
20 nular contact is connected to the central disk, the effec- 
tive patch diameter of the switched combination is d^. 

5.RECONFIGURABLE LOW RCS (RADAR CROSS- 
SECTION) ANTENNA ARRAYS. 

Stealth technology requires that antenna arrays 
have very low RCS properties. An antenna array that is 
instantaneously non-operating may reflect and re-radi- 
ate unwanted signals as a result of an enemy jammer 
(for example) illuminating the array. Thus, enemy detec- 
tion of the presence of an aircraft of other platform car- 
rying the array may be achieved. 

By intantaneous intentional detuning, or spoiling, 
the antenna array radiating elements in a random man- 
ner, the radiation pattern from the array apertaure can 
be significantly altered or eliminated. Thus, reduction of 
re-radiated unwanted signals can be achieved. Tech- 
niques similar to those mentioned in the Antenna Fre- 
quency Selectivity Tuning section can be implemented 
to realize this reconfigurable low RCS antenna array ca- 
pability. That is, preferred embodiment switches among 
patches of an array can be open and closed to vary the 
effective patch sizes. 



The preferred embodiments may be varied in many 
ways while retaining one or more of the features of mi- 
cromechanical switching by membranes or flaps sup- 
ported on at least two sides. 

For example, the dimensions, materials, and volt- 
ages can be varied to accomnnodate switching speed, 
frequencies of concem, switching control voltage de- 
sired, and so forth. 
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Claims 

1. A phase shifter, comprising: 

a plurality of switchable phase shift elements 
arranged in series; and 

connections between successive ones of said 
elements, wherein each of said elements 
includes at least one switch with a deflectable 
switch element, a setting of said at least one 
switch determining a phase shift for a signal 
through said element. 

2. The phase shifter of claim 1 , wherein: 

each of said elements includes an input termi- 
nal, an output terminal, first and second trans- 
mission line segments, and two switches with 
deflectable elements; and 
wherein said two switches connect ends of 
either said first transmission line segment or 
said second transmission linesegment to said 
input terminal and said output terminal. 

3. A time delay network, comprising: 

an array of subarrays, each of said subarrays 
including N components with N a positive inte- 
ger; and 

a plurality of switchable time delay elements, 
each of said time delay elements connecting 
one of said subarrays to a node; 
wherein each of said time delay elements 
includes at least one switch with a deflectable 
switch element, a setting of said at least one 
switch determining a time delay for a signal 
through said time delay element. 

4. The network of claim 3. wherein : 

said array is a two-dimensbnal array. 

5. A filter selective network, comprising: 

an input port and an output port; 
filter elements connected by switches between 
said input port and said output port, wherein 
each of said switches includes a deflectable 
switch element. 

6. The filter of claim 5, wherein: 

said filter elements are stubs connected by said 
switches to a line from from said input port to 
said output port. 

7. A integrated circuit, comprising: 



a membrane supported on at least two sides 
over a first conductor on a substrate; 
a conductive region on said membrane and 
connecting to a second conductor on said sub- 
s strate; 

a pull down electrode on said substrate and 
under said membrane; 

wherein a voltage greater than a threshold and 
applied between said conductive region and 
said pull down electrode will pull said mem- 
brane down to make an electrical connection to 
said first conductor. 
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(54) Improved switches 

(57) Micromechanicai microwave switches with 
both ohmic and capacitlve coupling (802, 812, 803) of 
rf lines and integration in multiple throw switches useful 
in microwave arrays. 

The Invention can be embodied in the form of a 



phase shifter, a time delay network, a filter selective net- 
work or in an integrated circuit. 

The invention has advantages including switches 
with no power consumption, low cost, linearity and also 
compatabillty with both Silicon and Gallium arsenide 
Intergrated circuits. 
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